Abstract-We report the first demonstration of a 40 MHz fourport all-fiber frequency shifter operating at a wavelength of 1.55 pm. The device has a high-conversion efficiency and low-drive power consumption, and i s made from standard telecommunications fiber.
. It is a monolithic fiber device that functions without any need for mode converters and filters, and can offer a low drive power (about a milliwatt), an insertion loss of a fraction of a dB, and the potential for low cost. It is made from two fibers with diameters mismatched to the extent that the resultant coupler does not actually couple any light. It is the extreme wavelength flattened coupler [6] . Like the wavelength flattened coupler, it can be made by pretapering one of two identical fibers along a short length before both fibers are fused and elongated together to form the coupler. Referring to Fig. l(a) , light in the pretapered fiber evolves adiabatically through the null coupler, exciting the second mode in the coupler waist and returning to the same fiber at the far end. Similarly, light in the other fiber evolves into the fundamental mode of the waist. When a flexural acoustic wave is applied to the waist such that its wavelength matches the beat-length between the fundamental and second modes, light is 'coupled between the modes with a frequency shift, as shown in Fig. l(b) . When light enters in one fiber, a pure frequency-shifted wave leaves in the other fiber if the acoustic amplitude is appropriate. The frequency of operation is governed by the width of the narrow coupler waist [7] . This is decided when the coupler is made, so no special fiber is needed: it can be made using standard fiber to be compatible with any network. Furthermore, because the waist of a fused coupler can easily be made as narrow as a few microns or less, large frequency shifts are possible-in theory, over 100 MHz. Here, we describe a higher frequency version of this device which delivers a frequency shift of 40 MHz, to replace the fiber-coupled Bragg cell.
RESULTS
We made a null coupler using standard telecommunications fiber, for operation at the wavelength of 1.55 pm. A 40-mm length of fiber was initially pretapered from 125 to 90 pm in outer diameter of cladding. This fiber was then held in parallel contact with an unstretched length of the same fiber, and heated and stretched together in an oxybutane flame to form a null coupler. For resonance at the chosen frequency of 40 MHz, the required waist diameter is 3.7 pm [6]. For the interaction to be resonant along the whole of the coupler waist it must be uniform in diameter. We achieved uniformity and diameter control by using a traveling flame as the heat source. The final coupler waist was 25 mm long and had short taper transitions each 31 mm in length. The excess loss of the passive coupler was 0.1 dB and the maximum splitting ratio was 1:900. Light from a 1.55 pm DFB laser was launched into one fiber via a polarization controller. An acoustic wave was generated by a lithium niobate piezoelectric transducer driven by a F W electrical supply. The disk was linked to the fibers by a conical horn, which concentrates the acoustic wave at the apex. The horn was fixed to the fibers at some distance from the coupler. This allowed the taper transitions themselves to concentrate the acoustic energy further and avoided the scattering loss that would result from attaching the horn at the coupler itself, where the light is guided at the glass-air boundary.
With the light of a particular polarization state launched into one fiber, an acoustooptic resonance was found at a frequency of 40 MHz. The optical output is plotted in Fig. 2 against the peak-to-peak RF drive voltage applied to the transducer. Greater than 90% acoustooptic coupling into the second fiber was possible, corresponding to a net insertion loss of 0.55 dB. The required RF drive power was 3.5 mW, which is less than that of alternative all-fiber techniques operating at lower frequencies, and much less than the 0.5 W or more required by the bulk Bragg cell. To evaluate the purity of the frequency shifted output, the device was inserted into one arm of a heterodyne Mach-Zender interferometer, device was found to be 40 MHz as expected, with a carrier and image sideband suppression of about 25 dB.
I11 CONCLUSION
We have reported for the first time a 40 MHz all-fiber frequency shifter. Such a large frequency shift is not possible in practice with other designs of all-fiber frequency shifter, and yet greater shifts are possible simply by making a coupler with a narrower taper waist and attaching a suitable acoustic generator. The device can be constructed for any wavelength by using a fiber that supports light at that wavelength. Although the conversion efficiency of 90% and subsequent insertion loss of 0.55 dB are capable of improvement, the low loss and drive, power of the device as it is are attractive when compared to the bulk Bragg cell. It is anticipated that conversion efficiencies approaching 100% will Ise passible with improved control of the fabrication conditions, as in the case for other devices which operate at lower frequencies, -
